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Abstract
This paper proposes a novel controller design method that can smooth the wind power
generation output while keeping the energy capacity and power rating of energy storage
systems (ESSs) small.
Recently, wind power has been attracting much attention because of its positive eect
on fossil fuel and global warming. However, wind power generation causes frequency
uctuation in power systems. Therefore, in many cases ESS is needed for smoothing the
uctuations of wind generator output. Though ESS control systems with simple low-pass
lter (LPF) have been reported widely so far, controllers other than LPF have not been
studied suciently. In addition, it is dicult to nd a tight bound of energy capacity and
power rating of ESS using LPF controller, because the parameter of LPF is designed by
trial and error. ESS with LPF controller can suppress also the uctuating components of
wind generator output excessively which can be compensated by economic load dispatch,
load frequency control and governor free control. Thus, its energy capacity and power
rating are rather large. As a result, LPF controller increases the system cost. In order
to improve the performance of ESS controlled with the conventional LPF, this paper
proposes novel controllers and constructs design method for the controllers which reduce
energy capacity and power rating of ESSs.
Specically, rst, analysis of the frequency uctuation characteristics of power system
with the wind power generation is carried out in order to realize a pin-point smoothing.
Then, the relations between controller and energy capacity/power rating of ESSs are
disclosed through the worst-case study. Finally, using these results, three design methods
are proposed so as to achieve the reduction of energy capacity and power rating of ESSs.
It is shown via simulation analysis using real wind speed data that the proposed ESS
system can suppress the frequency uctuations of power system eectively in spite of
having smaller energy capacity and power rating.
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Fig 1.1: Global annual installed wind capacity 2000{2015[1].
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Fig 1.2: Global cumulative installed wind capacity 2000{2015[1].
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Fig 1.3: Example of smoothing of WF output by ESS.
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Fig 1.4: Example of frequency control by ESS.
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Fig 1.5: Block diagram of the suppression control of output uctuation.
Filter
Reference frequency +
 
PI
PI controller
Required
Frequency
ESS output
Fig 1.6: Block diagram of the suppression control of frequency uctuation.
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????????????????????????????????????
2.2 ?????
2.2.1 ??????? [30], [31]
??????????????????????????????????????
????????m [kg]??? V [m/s]?????????????E [J]?
E =
1
2
mV 2 (2.1)
????????  [kg=m3]???AL [m3] (??A [m2]??L [m])?????? V ?
??????????????????????????EW [J]??????L???
?????????? t [s]????
EW =
1
2
ALV 2?
=
1
2
AV 3t (2.2)
?????????????????A?????????? PW [W]?
PW =
1
2
AV 3 (2.3)
????
7
??????????R????????????? R2????????????
?????????????????????????????? Pm?????(2.3)
??? Pm?
Pm =
1
2
R2V 3Cp(; ) (2.4)
????????Cp(; ) ????? (????)???????  = !rR=V (!r???
????)??????????????? ?????????????? 0:593??
???????????????? 0:2  0:45??????????????????
????????????????????????????????? 1?
??????????????????????????????????????
?????????????? Pe? (2.4)???
Pe = Pm =
1
2
R2V 3Cp(; ) (2.5)
????????????????????? 3?????????????
2.2.2 ????????
Figs 2.1?????????????????????????????? (Squirrel-
Cage Induction Generator: SCIG)?????????????????????? (Dou-
bly Fed induction Generator: DFIG)???????????? (Permanent Magnet Syn-
chronous Generator: PMSG)?????????????????? 2?
SCIG????????????????????????????????????
????????????????????????????????????? 3??
????2 MW???????????????????????
??????????????????????????????????????
?????????????????????(2.4)????????????????
??Cp(; )?????????????????????????????????
???MPPT (Maximum Power Point Trucking)?????????
11.1???????????????????????????????????????????Cp
????????????????????????
2?????????????????????????????????????????????
????????????????
3??????????????????????????????????????????????
?????????????????????
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DFIG?????????????????????????Rotor Side Converter:
RSC???Grid Side Converter: GSC??????????????????????
?????????????????????????????PMSG????????
???????????????????????DFIG??????RSC???GSC
??????????? 30%??????PMSG?????????? [32]?
PMSG?DFIG???Stator Side Converter: SSC???GSC??????????
???????????????????????????????DFIG??????
???????????????????????????? [30]?
????????????????????????
Gear box
SCIG Transformer
(a) Squirrel-Cage Induction Generator.
Gear box
DFIG Transformer
converter
Rotor side
converter
Grid side
Capacitor
(b) Doubly Fed Induction Generator.
Gear box
PMSG Transformer
converter
Stator side
converter
Grid side
Capacitor
(c) Permanent Magnet Synchronous Generator.
Fig 2.1: Wind generator types.
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2.2.3 ?????
????????????????????????????????? [31].
Pwt =
1
2
R2V 3Cp(; ); (2.6)
Cp(; ) = c1
c2
i
  c3   c4

e
 c5
i + c6; (2.7)
1
i
=
1
  0:08  
0:035
3 + 1
; (2.8)
 =
!rR
V
: (2.9)
?????????????????????
Pwt : ??????????? [W]
Cp(; ) : ???? (????)
 : ????
 : ?????????? [deg]
!r : ????? [rad/s]
R : ????
V : ?? [m/s]
 : ???? [kg=m3]
ci (i = 1; 2;    ; 6) : ??
Table. 2.1??? ci??????
Table 2.1: Coecients.
c1 0:5176
c2 116
c3 0:4
c4 5
c5 21
c6 0:0068
??????????????? (????)??????????????????
??????????(2.6)??????????Pwt???? 3???????????
?????????????????????????
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2.2.4 MPPT??
???????????????? (????)???????????????MPPT
???????????(2.6), (2.7), (2.8), (2.9)??????????????????
?? (????)????????????????????????????????
??????????????Pwt????????????????????????
????????????????MPPT?????????????? 4?????
??????
(2.6)?? p.u.? (???)????
P wt =
1
2
R2V 3Cp(; )=
1
2
R2V 3n Cpn
=
Cp(; )V
3
CpnV 3n
= Cp(; )  V 3 (2.10)
??????????? ? p.u.???????? n???????????????
???Cp opt = Cpn ??????MPPT???????????Cpn = Cp(; )???
????? opt(????? !r opt)??????opt???????? ???????
???????????????? = 0??????
dCp(; 0)
d
=
c2c5

  c4c5   0:035c2c5   c2
c1ec5(0:035  1 )
2
+ c6 = 0: (2.11)
?????????????? 1??????????opt  8:1????(2.8)??opt
???????????????
Cp opt(opt; 0) = c1
c2
i
  c3   c4

ec5=i + c6opt
 0:48 (2.12)
???????????? ? 8:1???????Cp(opt; 0)  0:48?????????
??????????????????MPPT??????????????????
4?????????????????????????????????
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????? P wtm? (2.10)???? opt = !r optR=V = !rnR=Vn??
P wtm =
1
V 3n
 V 3 = V 3
=
1
!3rn
 !3r opt = !r opt3 (2.13)
???????????????? !r opt?????????????????????
???????????
MPPT???????????????????????????????????
???????????????????????????????????????
?????????MPPT???????????????????? (p.u.?)P wtref?
????????????????
P wtref =
8>><>>:
0 : !r < 0:4
1
!3rn
 !3r = !r 3 : 0:4  !r  1
1 : !r > 1
: (2.14)
?????? 1 p.u.?????????????????? 1 p.u.????????
??????????????? 1 p.u.?????????????????? 4  5 m=s
????????????????????????????????
Fig. 2.2??(2.10)??????????????????????????????
???(2.14)?????????????
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Fig 2.2: MPPT curve.
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???????? A???????????????????????? 10 m/s?
??????????????????????????????Fig. 2.2??????
?????????????? P wt A?????????? P wtref A?????????
P wt A < P

wtref A ?????????????????A?O????????????
??????A?O??????? P wt A = P wtref A = P wtm?????MPPT???
??????
??????B?????????????????????????P wt B?????
?????P wtref B????P wt B > P wtref B ?????????????????B?O
??????????????????B?O????????P wt B = P wtref B = P wtm
?????MPPT ???????????????????? (2.14)????????
??????????????MPPT??????????????????????
????????????????????????(2.14)?????????????
?????????????????????? [33]?
2.2.5 ?????????
??????????????????????????????????????
??????????????????
???????????
Fig. 2.3??? 1??????????????????????????????
J
Tm
Te
!r
Bm
Fig 2.3: One mass model of wind turbine[34].
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????Fig. 2.3?????????????????????
J : ?????????? [kgm2]
Te : ?????????? [Nm]
Tm : ????????? [Nm]
Bm : ??????? [Nm/s]
!r : ????? [rad/s]
Fig. 2.3????????????
d!r
dt
=
Te   Tm
J
  Bm
J
!r (2.15)
??????????????????????Bm = 0?????????H5???
????????????????
2HPwtn
!2rn
d!r
dt
= Te   Tm? (2.16)
????Pwtn???????????????????? Tn = Pwtn=!rn???
1
!rn
d!r
dt
=
1
2H
Te   Tm
Tn
(2.17)
???????????? t????????!r????? 0?????
!r
!rn
=
1
2H
Z
(T e   T m)dt (2.18)
?????????????? p.u.??????????????????
!r =
1
2H
Z
(T e   T m)dt: (2.19)
???????
??????????????????????????????????????
???????????????????????????Fig. 2.4?????????
? [35]???????????? !r ?????? !rn????????PI??????
?????????????????????? 1 p.u.??????????????
??????????? T ????????????????? 1?????????
5?????????H = 12J!2rn=Pwtn ????????????????????????????
??????????????????????????????????????????
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????????ref ?????????????
1
T
1
s
KP +
KI
s
!r
!rn
Rate Limitter
0
90

++
   
PI controller
ref
Fig 2.4: Pitch controller of wind turbine.
????????????
??????????????????????????????Fig. 2.5?????
???Fig. 2.5?????Pe???????? [W]????
1
2H
1
2H
1
Cpn
Eq: (2:7)opt
Fig: 2:4
V 
!r
V 
V
Pitch controller
1
s
+
 
P e
()3 
P wt
  Cp Cp
P wtm !

r

Fig 2.5: Wind generator model.
2.3 ????
??????????????????????????????????????
??????????????????????
2.3.1 ?????
??????????????????????????????????????
????Fig. 2.6????????????EAST10????????? [36]?????
??????? 6??????? 2???????? 2???????? 82000 MVA?
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???????Table 2.2?????????????? 6?????????Table 2.3
???????????????????? [37]??????????????????
???0:2 Hz????
TG1 NG1 TG2 NG2 TG3
HG2HG1
TG6
TG5 TG4
TG : Thermal Generator
HG : Hydro Generator
NG : Nuclear Generator
Fig 2.6: Power system model.
Table 2.2: Data of generators.
Rated output Inertia constant Load
[MW] M(= 2H) [s] [MW]
Hydro 12000 10
Thermal 48000 8
80000
Nuclear 22000 8
Total 82000 {
Table 2.3: Reference of frequency deviation in Japan.
Area Maximum deviation [Hz]
Hokkaido area [50 Hz] 0:3
East area [50 Hz] 0:2
Middle area [60 Hz] 0:1 (existing prob. 95%)
West area [60 Hz] 0:1 (existing prob. 95%)
Okinawa area [60 Hz] 0:3
6Table 2.2????????M ????????????H ????????????
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???????????????????????????? 7??????????
????????????????????????????????????????
?????????????????????????????????????
2.3.2 ????????? [3]
??????????????????????????????????????
?????????
Fig. 2.7?????????????????
Te
Tm !m
Fig 2.7: Rotor model.
????Fig. 2.7???????????
Te : ????????? [Nm]
Tm : ????????????????????? [Nm]
!m : ?????? [rad/s]
?????????? Tm????????? Te?????????????????
???????????????????????m???????????????
?????????????????? 8?
??????????????????????????????????????
???????????
J
d2m
dt2
= Tm   Te: (2.20)
????
J : ?????????????????? 9 [Nm]
m : ????????????? [rad]
7???????????????????????
8?????????????????????????
9?????????????????????????????????????????????
??????????????????????????
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t : ?? [s]
????
???????????Tm? Te????????????????????????
???????????????????????????????????????
????????????????????????????????????
m????????????????????????????????????m
???????????????????????????????????????
?????????????????????????? m [rad]?????????
!sm [rad/s]???????m? m??????????????
m = !smt+ m: (2.21)
????????? 2???????
dm
dt
= !sm +
dm
dt
; (2.22)
d2m
dt2
=
d2m
dt2
(2.23)
????(2.23)?? (2.20)????????
J
d2m
dt2
= Tm   Te (2.24)
????????(2.22)????????? dm=dt?!m????(2.24)???????
???
J!m
d2m
dt2
= Pm   Pe (2.25)
????
????
Pm : ??????????? [W]
Pe : ?????????????????? [W]
????Pm = !mTm??? Pe = !mTe?????????
(2.25)???? J!m????????????????? !sm??????????
??M(= J!sm)????(2.25)??????M ??????????????
M
d2m
dt2
= Pm   Pe (2.26)
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?????????????????????!m?????????????????
!sm?????????M ???????????????????????????
???????!m???????????????????????????????
????M = J!sm?????????(2.27)????????????????H?
???? (2.26)?? (2.28)?????????? 10?
H =
?????????????????????????? [MJ]
???????? S [MVA]
=
1
2
J!2sm
S
=
1
2
M!sm
S
: (2.27)
2H
!sm
d2m
dt2
=
Pm   Pe
S
: (2.28)
(2.28)???????? p.u.??????????
2H
!s
d2
dt2
= P m   P e (2.29)
????(2.29)?????????????????????????????????
????????????? 2??????????????2?? 1????????
???????
2H
!s
d!
dt
= P m   P e ; (2.30)
d
dt
= !   !s: (2.31)
????!?????? [rad/s]????
2.3.3 ??????? [3], [39]
????????? 1????????????????????????????
???????? 1??????????????????????????????
?????? 1?????????????????????????????1???
??????????????????????????????
10?????????????????????????????????????????????
???????????????????????? [38]?
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?????????? n?????????????????????
2H1
!s
d21
dt2
= P m1   P e1;
2H2
!s
d22
dt2
= P m2   P e2;
...
2Hn
!s
d2n
dt2
= P mn   P en
????????????? 1; 2;    ; n??????????????????????
??????????????????????????????????? 11?? p.u.
??????????????????????????????? 1; 2;    ; n??
?????????? ?????????????????????????
2H 0
!s
d2
dt2
= P m
0   P e 0: (2.32)
????
H 0 = H1 +H2 +   +Hn
P m
0 = P m1 + P

m1 +   + P mn
P e
0 = P e1 + P

e1 +   + P en
????
???(2.30)????? (2.32)?? 2?? 1??????????????
2H 0
!s
d!
dt
= P m
0   P e 0; (2.33)
d
dt
= !   !s (2.34)
??????(2.32)?? (2.30)??????????????????????????
2.3.4 ?????
??????????????????????????????????????
??????????????
?????Fig. 2.8??????????????????????????????
???????????????????????????????????????
11?????????????????????????????
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???????????????????????? P e ??????????????
????(2.30)?? !?????????????
1
!s
Z !
0
d! =
1
2H
Z t
0
(P m   P e )dt;
!   !s
!s
=
1
2H
Z t
0
(P m   P e )dt: (2.35)
???!????????? !s??????(2.35)????????????????
????????????????????????????????????P m?P e
????????????????????????????????????(2.35)?
????????????????????? !????? !s???????????
????????????????????????? f [Hz]???????! = 2f
???????????????
LoadSG
Synchronous generator
Turbine P m P

e
Fig 2.8: Synchronous generator with constant load.
???Fig. 2.9????????????????????????????????
??? P e = P const + P ???????? P const????P ??????????
???????????????? P const????????(2.35)??
!   !s
!s
=   1
2H
Z t
0
P dt (2.36)
????????????????????? !?P ??????????????
???????????????????????????????????????
?????????????? P m = P const + P ????????????????
????????????????????????????????????????
???????????????????????????????????????
??????????????????
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LoadSG
Synchronous generator
Turbine P m P

e
Fig 2.9: Synchronous generator with uctuating load.
???Fig. 2.10???????????????????????????????
?????????P wt??? (??)??????P wt const?????????????
P wt?????Fig. 2.10???P e = P const P wt const P wt????P wt?????
??????????????????????? P const??? P wt const??????
?????????????P m = P const P wt const??????????????(2.35)
??
!   !s
!s
=
1
2H
Z t
0
(P m   P e )dt
=
1
2H
Z t
0
P wtdt (2.37)
???????????????????????? (???)????????????
??????????P wt??????????? (???)?????P wt????
??????? (???)???????????????? (2.37)?????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????
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LoadSG
Synchronous generator
Turbine P m P

e
WG
Wind generator
P const
P wt
Fig 2.10: Synchronous generator with constant load.
2.3.5 ?????????? [3], [40]
??????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
?????
????????? (????)? Fig. 2.11?????????????? (????
?)??????? (?????)????????? (??????)????????
???
Load uctuation
Fringe load
Sustained load
Cyclic load
Time
L
oa
d
u
ct
u
at
io
n
Fig 2.11: Characteristics of power system load uctuation.
??????????????????????????????????????
??????????????Fig. 2.12?????????????????????
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???????????????????????????????????????
?????????????????????????
ELD
LFC
GF
Self-Control
Load uctuation period
1 s 10 s 10 min
P
ow
er
sq
ec
tr
u
m
of
lo
ad
u
ct
u
at
io
n
Fig 2.12: Control assignment of load uctuation.
????????
20????????????? (???????)????????????????
??????????????????????????????? (????????
?)?????????????????????????????????????
???????????????? (Economic Load Dispatching Control: ELD???
EDC)????
???????
???? 20?????????????? (??????)???????????
??????????????????????????????? (Load Frequency
Control: LFC)?????????????????????????? (50 Hz???
60 Hz)????????????????????????????????????
?????????????????
?????????????? (????????)???????????????
???? (Governor Free: GF)?????????????????
???????? : ????????? (???????)?????????????
???????????????????????????????????????
24
???????????????????? EDC? LFC?????????????
????????????????????????????????????????
???????? : ?????????????????? Fig. 2.13????????
?????????????????? [3]????????????????????
?????????????????????????????????? (?????
???)??????????????? (=?????????)?????????
????????????????????????????????????????
Load
Frequency
P
ow
er
cn
su
m
p
ti
on
Fig 2.13: Frequency characteristics of load.
2.3.6 ?????????????? [40]
??????????????????????EDC???????????EDC?
?? LFC??????????????Fig. 2.14?????????????????
?????????????????????????? (?????)???????
??? (????)???????????????????????????????
?????????????
LFC?EDC???????????????????LFC????????????
?????EDC??????? (LFC?????????5%MW?????????
?)???????????????EDC???????????? (????LFC??
?5%MW=min????EDC???1%MW=min)???????????????
????????????EDC???????????????????? (Liqueed
Natural Gas: LNG)?????? EDC???? LFC???????????
???GF???????????????????????????? (?????
????)????????????????????????????????????
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???????????????????????%MW(???????)????
???????????????????????????????????????
???????????Fig. 2.14????????????????????????
?????????????????????????????????????
Governor
Frequency (Rotor speed)
Plant control system
EDC LFC
Load-dispatching oce
Supply valve
Fuel valve Turbine Generator
Governing valve
Boiler
Fig 2.14: Generator power control of a thermal power plant for load frequency control in
a power system.
2.3.7 ??????????????
???????????????????????????????????????
Fig. 2.15???????????????????????????????????
???????????????GF???????????????????????
???????????????????????????????????????
????????
??????????????????????????????????????
?????????????EDC?LFC?GF???????????????????
????????????????????????????????????
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Hydraulic turbine
Generator
Dam
Hydraulic iron tube
Reservoir
Draft tube
Guide vane
Governor
Rotor speed
Plant control system
EDC LFC
Load-dispatching oce
Fig 2.15: Generator power control of a hydroelectric power plant for load frequency
control in a power system.
2.3.8 ???????
??????????????????????????????????????
?????????????????????????
??????
?????????????????????????Fig. 2.16???Fig. 2.17??
??????????????? [36]???????????????????????
???????????????????????????????????????
???????????????????????????????????????
????Table 2.4???????GF??????Table 2.4????????????
??5%??????
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1
1+0:2s
100
4:0
GF capacity [p.u.]
! [p:u:]
Thermal LFC signal [p.u.]
Reference setting
signal [p.u.]
+
  +
1
0:2
1
s
1
1+0:2s
1
1+9:0s 0.7
+
 
0.3
+
+
Pm [p:u:]
-1000 0.0
0.2 1.05
Fig 2.16: Thermal governor.
+
 Hydro LFC signal [p.u.]
+
+ +
1
4:0s
4:0
100
0:6s
1+12:0s
! [p:u:]
 
 
+
+
Reference setting
signal [p.u.]
1
7:0
0.2
-1000
1
s
1.02
0.0
1
1+1:5s 0.3
 0.2
+
+
Pm [p:u:]
GF capacity [p.u.]
Fig 2.17: Hydro governor.
Table 2.4: Plant data.
Power System Capacity Psys [MVA] 82000
Reference Frequency fref [Hz] 50
Power System Constant Ksys [%MW/Hz] 9
Total Equivalent Inertia Constant M [s] 8:3
Load-Dumping Constant D [p.u] 2
GF Capacity [MW]
Thermal 2400
Hydro 600
LFC Capacity [MW]
Thermal 960
Hydro 240
LFC???
Fig. 2.18? LFC???????LFC??????????????????????
????Ksys [%MW/Hz]????????? (Area Requirement: AR)???????
???????????????????????????????????????
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??LPF???????????????PI???????????????????
??????????????????????????????Fig. 2.18?????
??PI????????????????????????????? [41]?Table 2.5
? LFC???????????
! [p:u:] 50 
 Ksys
100
P sys
0:23
0:83
1
Phydro
1
1
Pthermal
2
1
1+Tts
1
1+Ths
KI1
s
KP1
KI2
s
KP2
Hydro LFC
signal [p.u.]
Thermal LFC
signal [p.u.]
50 %MW=min
LFC capacity [p.u.]
5 %MW=min
LFC capacity [p.u.]
*2 Rated thermal generator output [MW]
*1 Rated hydro generator output [MW]
*3 AR allocation rate
Fig 2.18: LFC system.
Table 2.5: Parameters of LFC model.
Th
Time constant [s]
10
Tt 100
KP1
Proportional Gain
5
KP2 25
KI1
Integral Gain
0:15
KI2 0:6
PI limiter 0:1
EDC???
??????????????? 3???? 5?????????????????
????? (EDC)?EDC????????????????????????????
???????????????????????????????????????
????????????????????? [41]????????????????
?????????????? 5????????????????????? 5??
?????????????????????????????? 1????????
???????????????????????Fig. 2.19? EDC???????
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+   
Load [MW]
Nuclear
Output [MW]
WF Output [MW]
1
60000
* Rated LFC generator output [MW]
1
1+600s
Sampler e 60s Reference Settingsignal [p.u.]
5 %MW=min
Fig 2.19: EDC system.
2.3.9 ????????
??????????????????????????????????????
?????????????????????????????????Fig. 2.6???
?? Fig. 2.20?????????????????????????????????
??????????? (??????)?LFC????EDC????????????
???????????????????????????????????????
???????????????????????????????????????
??????????????(2.14)?????????Fig. 2.20? P 0T; P 0H; P 0N; P 0WF?
???? (Psys)?????? p.u.??????.
Thermal Power
Plant
Wind Farm
Hydoro Power
Plant
Nuclear Power
Plant
Load
+
+
+
+
 
1
Ms+D
EDC
System
LFC
System
Generator Model
!(s)
PWF(s)=Pn P WF(s) 1
Psys
P 0WF(s)
P 0T(s)
P 0H(s)
P 0N(s)
Fig 2.20: Block diagram for frequency analysis.
Fig. 2.20??????????? 2.3.3?????????????????????
???????????????????????????????????????
????????????????????????????? 1?????????
??????????????????????????? (2.38)??????????
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????????? Fig. 2.13??????????????????????????
????????? (2.39)????????
M
d!
dt
= Pm  Pe; (2.38)
Pe = PL +D!: (2.39)
????
M : ?????? [s]
! : ??????? 12 [Nm]
Pm : ???????? [p.u.]
Pe : ???????? [p.u.]
PL : ???? [p.u.]
D : ???????
????
(2.38)???? (2.39)???????????????????? Fig. 2.20????
???????
??????????M ? (2.40)??????????????????????
???????????????????????????????????????
Table 2.4??????????????M ? 8:3 s????
M =
???????????? [s]???? [MVA] +   
???? [MVA] : (2.40)
??????????????????????????????????????
???????????????????????????????????????
???????????????? [19], [26]?
2.3.10 ???????????? [5], [6], [42], [43]
?????Fig. 2.20????????? Fig. 2.6??????WF????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
12(2.33)????? !?????? (?????)??????(2.33)?? !????????????
???????????????(2.33)????? !?????????????????????
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Fig. 2.6???????????????????????Fig. 2.20?????????
WF??P WF(s) [p.u.]???????f(s)(= fref !(s)) [Hz]???????Gsys(s)
????????????WF???????????????????????
Fig. 2.20???????Gsys(s)?
Gsys(s) =
f(s)
P WF(s)
=
a12s
12 + a11s
11 +   + a2s2 + a1s+ a0
b13s13 + b12s12 +   + b1s+ b0 (2.41)
????????(2.41)????? ai (i = 0; 1;    ; 12)??? bj (j = 0; 1;    ; 13)??
? Table 2.6??????????????Gsys(s)????????????????
???????????????????????????????
(2.41)?????WF????????????????????????WF???
???????? Pn [MW]????????????????Pn=2 + (Pn=2) cos(!t)?
????????????????????????????????????????
????????? Pn=2 Gsys(s)????????????????????????
?????
Fig. 2.21??????????????????Fig. 2.21????? 82000 MVA??
???WF? 2%; 4%;    ; 12%????????????????????WF??
???????? 0:5 rad/s???????????????????????????
?????????????????????????????????WF????
???????????????????????????????????????
??WF?????????????????WF????????????????
??????????
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Table 2.6: Parameters of Gsys(s).
a0 0 b0 3763800
a1 0 b1 3023962270
a2 607700 b2 508432010602
a3 154989455 b3 30875261062900
a4 12484346353 b4 899175931821992
a5 348822693204 b5 13486506354465602
a6 4548825253370 b6 110559687964977554
a7 30001049919403 b7 518725731018153520
a8 95677010733145 b8 1436054858190932140
a9 122217211345650 b9 2197412311904631580
a10 55339137945000 b10 1845039459219955800
a11 10299987000000 b11 787059421009740000
a12 680400000000 b12 142435135044000000
{ { b13 9261604800000000
10−3 10−2 10−1 100 101 102
0
0.1
0.2
0.3
0.4
0.5
0.6
WF output angular frequency [rad/s]
M
ax
im
um
 F
re
qu
en
cy
 D
ev
ia
tio
n 
[H
z]
 
 
12% (9840 MW)
10% (8100 MW)
8% (6560 MW)
6% (4920 MW)
4% (3280 MW)
2% (1640 MW)
Fig 2.21: Frequency characteristics of power system.
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?3? LPF?????????????
??????????????
3.1 ????
1?????????????????????????????????????
???? (Wind Farm: WF)??????????????????????????WF
???????????? (Fig. 3.1??)?????????????????????
????????? 2??????????????????????????
1. ????????? kWh?????????????
2. ????????????????????????????????
WG
  
ESS output
ESS
AC-DC converter
with a limiter
WG
WF output Smoothed output (combined output)
Power
system
ESS output
Energy storage system
Fig 3.1: Smoothing of WF output by ESS[22].
?????????????? 1?? LPF????????? (Fig. 3.2??)???
?????????????????????????? [26]????? LPF????
????????????? kWh????????????????????????
? kWh???WF?????? LPF??????????????????????
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WG
  
ESS output
ESS
AC-DC converter
with a limiter
WG
WF output
LPF
 
+
Smoothed output (combined output)
ESS output
Controller
Fig 3.2: Smoothing of WF output by ESS with LPF.
???????????????? [26]???WF????????????????
?????????????? kWh????????????????????????
LPF?????????????????????????????????????
?????????????????LPF????????????????????
????????????????? [28]?????????????????? LPF
??????????????????????? kWh??????????????
?????????????? kWh???????????????????????
?????????????????????? [26]??? [27]??????????
???????????????????????????????????????
???????????????????????????????????????
???????????LPF??????????????????????????
? [44]????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????? LPF????????????????
????????????????????????????????????? kWh
???????????????????????????????????????
???????????????????????? [45]?????????????
?????????????????????????????10?????????
???????????????????????????????????????
???????????????????????????????????????
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??? 1????????????????????????????????????
????????????????????????????????????????
? [29]????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
? kWh???????????????????????????
???????????????????????????????????? LPF
??????????????????????????2?????????????
???????????????????????????????????????
??????????????????????????????? kWh??????
????????????????????????????????????????
??????????WF???????????????????????????
??? 1?? LPF????????????????
3.2 LPF??????WF?????
??????? [22]???????1? LPF????????WF????????
????????????????????? Fig. 3.2???????????Fig. 3.3
????????????????????????????????? f(t)????
????? F (s)? f(t)??? f(s)?????????????????
1
1+Ts GESS(s)
ESS output
 
+
WF output PWF(s)
Pt(s)
PEref(s)
LPF
 +
Combined output
Target output
Required ESS output
PE(s)
ESS
1
s
E(s)
State of charge
Fig 3.3: ESS control system with the rst order LPF.
???????????????????????????????????????
????????????????PEref(s)?????PE(s)???????GESS(s) = 1
???????? PEref(s)???? PE(s)??????? 2?????????????
1???????????????????WF????????????????????????
?????????WF??????????????????????????????
2??????????????????????????????????????????? [46]?
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???
Fig. 3.3???????WF?? PWF(s)? (3.1)?? LPF????WF??????
????????????????????? Pt(s)?????
GLPF(s) =
1
1 + Ts
: (3.1)
????T ? LPF????????
???Pt(s)?WF??PWF(s)??????????????????????PEref(s)
?????????????PE(s)????PEref(s)????????????????
?? PWF(s)? PEref(s)??????????????????????? Pt(s)???
???????WF??????????????????????????????
?????Pt(s)??? PEref(s)????????????????
Pt(s) = GLPF(s)PWF(s)
= GLPF(s)Pn  P WF(s)
=
1
1 + Ts
PWF: (3.2)
PEref(s) = PWF(s)  Pt(s)
= (1 GLPF(s))PWF(s)
=
Ts
1 + Ts
PWF(s): (3.3)
???????????????????????E(s)? (3.3)??????????
??????????
E(s) =
1
s
PEref(s) =
T
1 + Ts
PWF(s): (3.4)
?? [26]???(3.4)???????????? kWh???WF????? T ???
????????????????????????????WF?????????
????????????? 3??????? LPF????????????????
????????????????????????????????????? [26]?
????????????????????????????????????????
? [27]????????????????????????????????????
3?? [26]?????????????????????????? kWh??? LPF???????
????????????????????????????????????????????
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??????LPF???????????????????????????????
???????????????????????????????????
LPF????????? T ? 1????????????????????????
??????????????????2?????????????????????
???????????????????????????????????WF??
?????????????????????????????????WF????
???????????????????????????????????????
????? LPF??? T ????????????????????????????
???
??????????????????????????????Fig. 3.2???AC-
DC converter?????????????????????????????????
????????????????????AC-DC converter?????????PEref(s)
????????????????????????????? PEref(s)??????
???
3.3 ?????????
Fig. 3.4???????????????????????????????????
? [22], [47]????????????????????? (WF??? LPF?????)
??????????? Fig. 3.4????????????m1;m2?????????
???????????????????????????????????????
?  = 1   (m1 + m2) (0    1) ???????????????????????
WF?????????????????????????????????????
????????????????? kWh????????????????????
????
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E(t)
Rated energy
State of chrge
Rated charging
level : 
Upper margin : m2
Lower margin : m1
0
capacity
Fig 3.4: Proper operation range for E(s)[22].
3.4 ?????????????
??????????????????????????? 100%??????????
????????????????????????????????????????
?????????????????????? [22]???????????????
????????????????????????????? (SOC-FB)?????
??????Fig. 3.3????? SOC-FB?????????Fig. 3.5????????
???? SOC-FB????????????
1
s
A
1
s
m1
E(s)
 
+
+
 
+ +
 
+
+
PWF(s)
Pt(s)
1
1+Ts  
d(s)
P 0E(s)PE(s)+
Fig 3.5: Block diagram of SOC-FB control.
????Fig. 3.5???????????
m1 : ???????????????????????
d(s) : ??????????????????????????????? [48]
A : ?? d(s)?????????????????????
PE(s) : AC-DC converter ?????
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P 0E(s) : ???????????
????
Fig. 3.5????????????????????????????Fig. 3.6???
????????????????????????????????????AC-DC
converter?????PE(s)????PEref(s)??????????PE(s) = PEref(s)??
???????????????????????????????? P 0E(s) 6= PEref(s)
????????
WG
  
Converter output
ESS
AC-DC converter
with a limiterWG
WF output Combined output
Energy storage system
PE(s) = PEref(s)
ESS output P 0E(s)
Fig 3.6: System with loss.
????????????????????????????????? (?? d(t))
???????
d(t) =
8>><>>:
(1  )PE(t) : PE(t) > 0
0 : PE(t) = 0
(1  1

)PE(t) : PE(t) < 0
: (3.5)
?????????????PE(t) = sin!t (! = 2  50) p.u.? = 0:85??????
?????????????????? P 0E(t) = PE(t) + d(t)????Fig. 3.7? P 0E(t)
????? d(t)????????????????????? (Fast Fourier Transform:
FFT)?????????????????Figs. 3.8???????Figs. 3.8?? 50 Hz
?????? (100%)??????Fig. 3.7??? Fig. 3.8(a)????? d(t)?????
????????????????????????????????P 0E(t)?????
???????????????????????????????????????
??????? 4???????????? SOC-FB?????????
Fig. 3.5?????oset????????????? d(s) = 0??????????
4P 0E(t)????????????????????????????????????????????
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Fig 3.7: Example of ESS output.
???? 100%?????????????? PEref(s)????????? (3.3)???
?????????????????? d(s) = 0??? SOC-FB??????????
??????????????PEref(s)??????????????????????
????????E(s)??????????
???WF ?? PWF(s) = 0????? d(s)??????? PEref(s)???????
E(s)????????????????????????????? oset= 0???
???
GPErefd(s) =
PEref(s)
d(s)
=
A
s+ A
; (3.6)
GEd(s) =
E(s)
d(s)
=
1
s+ A
: (3.7)
Fig. 3.9? (3.6)???????????(3.6)????Fig. 3.9??????A????
???????? d(s)????AC-DC converter?????????????????
??SOC-FB????????? (A = 0???)??? d(s)????AC-DC converter
?????????????????????????????????? d(s)???
?????SOC-FB??????AC-DC converter???????????????WF
????????????????????????????????????????
??A????????????????????
Fig. 3.10? (3.7)???????????(3.7)???? Fig. 3.10??????A??
?????????? d(s)????????E(s)??????????????????
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Fig 3.8: Frequency spectrum.
SOC-FB??????????? d(s)?????E(s)???????????????
???????????Fig. 3.9?Fig. 3.10?????????SOC-FB???????
?????????????????????????????SOC-FB??????
???????????????WF?????????????????
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Fig 3.9: Gain plot of GPErefd(s).
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Fig 3.10: Gain plot of GEd(s).
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?4? ?????????kWh???
?????????
4.1 ????
??????????????LPF??????????????????????
?????????WF????????????????????????????
??????????WF???????????????????????WF??
????????? LPF??? T ????????????????????????
???????????????????????????????????????
WF?????????????????????????????????????
??????????????????????????????????? kWh??
???????????????????????????????????????
????????????????????????????????????LPF?
???????????????????????????????????????
????????? kWh????????????????????????????
????????????????????????LPF?????????????
?? (?????????)?????????? kWh???????????????
?????????????????????????????? kWh???????
???????????????????????
4.2 ??????????kWh?????
???????????????????????????? kWh????????
?????????????????????????????? 100%???????
???????????????????????????????????????
????? 1?????????????????????????????
????????????????? kWh???????????????????
?????????????????????????????????????
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Fig. 4.1????????????????????????
GESS(s)
ESS output
 
+
WF output PWF(s)
Pt(s)
PEref(s)
 +
Combined output
Target output
Required ESS output
PE(s)
ESS
1
s
E(s)
State of charge
ans
n+an 1sn 1++a1s+a0
sn+bn 1sn 1++b1s+b0
Filter
Fig 4.1: ESS control system with a general lter.
Fig. 4.1???????WF?? PWF(s)? (4.1)?????? 1??????????
???????????????? Pt(s)?????
GFn(s) =
ans
n + an 1sn 1 +   + a1s+ a0
sn + bn 1sn 1 +   + b1s+ b0 : (4.1)
????
n : ???????
ai (i = 0; 1    ; n)??? bj (j = 0; 1    ; n  1) : ????
????
(4.1)??????n = 1, a0 = 1, a1 = 0, b1 = T , b0 = 1??????? 1? LPF??
????????????(4.1)?????????????????????????
????
LPF???????????????????? PEref(s)???? Pt(s)?WF??
PWF(s)???????????????????????? PE(s)???? PEref(s)?
????????????????? PWF(s)? PEref(s)??????????????
Pt(s)???????Pt(s)??? PEref(s)????????????????
Pt(s) = GFn(s)PWF(s)
= GFn(s)P n  P WF(s)
=
ans
n + an 1sn 1 +   + a1s+ a0
sn + bn 1sn 1 +   + b1s+ b0 P n  P

WF(s); (4.2)
1(2.41)????????????????????????????????
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PEref(s) = PWF(s)  Pt(s)
= (1 GFn(s))P n  P WF(s)
=
(bn   an)sn + (bn 1   an 1)sn 1 +   + (b1   a1)s+ (b0   a0)
sn + bn 1sn 1 +   + b1s+ b0 P n  P

WF(s):
(4.3)
????PWF(s)?WF????P n?WF???p.u.?P WF(s)???????PWF(s) =
P n  P WF(s)????????
??????????????????????????????????????
???????E(s)?????E(s)????????????PEref(s)???????
??? (4.4)??????????????????????????????????
?? PEref(s) = PE(s)?????????????
E(s) =
1
s
PEref(s)
=
1
s
(1 GFn(s))P n  P WF(s)
=
(bn   an)sn + (bn 1   an 1)sn 1 +   + (b1   a1)s+ (b0   a0)
sn+1 + bn 1sn +   + b1s2 + b0s P n  P

WF(s):
(4.4)
(4.4)????P WF(s)??E(s)???????GE(s)?
GE(s) =
E(s)
P WF(s)
=
P n
s
(1 GFn(s))
= P n
(bn   an)sn + (bn 1   an 1)sn 1 +   + (b1   a1)s+ (b0   a0)
sn+1 + bn 1sn +   + b1s2 + b0s (4.5)
????(4.5)??WF?? [p.u.]??????????????????????P WF(t)
? 0?? 1??????????????????????????????????
????worst-case?WF?? P WFE(t)?
P WFE(t) =
1
2
+
1
2
cos(!p1t) (4.6)
????????!p1? jGE(j!p1)j????????????????????????
?????WF???????????????????????worst-case????
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???????Eworst(t)?
Eworst(t) =
1
2
kGEk1 cos(!p1t) (4.7)
???????k  k1?H1?????????????WF???????????
?????????? kWh???Es???????(4.7)???? Fig. 4.2?????
????Es?Eworst(t)?????? (?????????)?????????????
?????????????? kGEk1???????????????????? kWh
???
Es = kGEk1 = PnkGI  (1 GFn)k1 (4.8)
????????GI(s) = 1=s????
Es 0
E(t)
Eworst(t)
2=!p1
t
kGEk1
Fig 4.2: Worst-case steady-state response Eworst(t).
(4.8)????????????? kWh???WF????? kGI  (1 GFn)k1???
???????????????????(4.7)????Fig. 4.2???????Eworst(t)
????????????????????Fig. 3.5????????m1? 1=2kGEk1
???????????
???3.3??????????????????????????????????
????????????????????????Es???????Es????
???????????????kWh???Es????????WF????????
???????????????????????????????????(4.8)??
????? 1=?? kWh????????????????????????????
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??????????????????????????? kWh??E?
E =
1

kGEk1 = Pn

kGI  (1 GFn)k1 (4.9)
???????????????????????? kWh?????????????
????
??????????????????????? n = 1, a0 = 1, a1 = 0, b0 = 0,
b1 = T ?????GFn(s)? LPF?????????? kGEk1????? LPF???
T ??????????LPF???????????????????? kWh????
WF????? LPF??? T ???????? [26]????????????????
?????????????????LPF????????????????????
????????
4.3 ?????????????????
??????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
?????????????????
??????????????????????????????????????
??????(4.3)????WF??P WF(s)?????????????PEref(s)???
????GP(s)?
GP(s) =
PE(s)
P WF(s)
= P n(1 GFn(s))
= P n
(bn   an)sn + (bn 1   an 1)sn 1 +   + (b1   a1)s+ (b0   a0)
sn + bn 1sn 1 +   + b1s+ b0 (4.10)
?????????????????????????????????? PEref(s) =
PE(s)???????????????????????worst-case?WF??P WEP(s)
?
P WFP(t) =
1
2
+
1
2
cos(!p2t) (4.11)
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????????!p2? jGP(j!)j?????????????????????????
????WF???????????????????????worst-case?????
?????????? PEworst(t)?
PEworst(t) =
1
2
kGPk1 cos(!p2t) (4.12)
????????WF?????????????????????????? Ps??
?????(4.12)???? Fig. 4.3?????????Ps? PEworst(t)????????
??????????????????????? 1
2
kGPk1????????????
?????????????
Ps =
1
2
kGPk1 = Pn
2
k(1 GFn)k1 (4.13)
????????????????????????????????????????
???????????
Ps
0
PE(t)
PEworst(t)
2=!p2
t
1
2kGPk1
Fig 4.3: Worst-case steady-state response PEworst(t).
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?5? ???????????????
???????????
5.1 ????
???????????????????? LPF????????????????
???????????????????????WF??????????????
?????????????????????? kWh???????????????
????????????????LPF?????????? (???)???????
???????????????????????????????????????
??????????????????????????????
????????????? kWh????????????????????4??
????? 2.3.10????????????????????????????? 3?
???????????? LPF?????????????????????????
5.2 ??????????
2.3.5????????????????????????????????????
????????????????????WF?????????Fig. 2.21????
???????????WF???????? 0:5 rad/s??????????????
??????????????????????????????????????WF
???????????????????????????????????????
????????????????????????????????????????
??????????????????
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5.2.1 ??????????WF?????
Fig. 5.1? (5.1)???????????????????????????????
? Figs. 5.2??????????????????
GNF(s) =
s2 + !2c
s2 + 2!cs+ !2c
: (5.1)
????
!c : ????? [rad/s]
 : ???????
????
GESS(s)
ESS output
 
+
WF output PWF(s)
Pt(s)
PEref(s)
 +
Combined output
Target output
Required ESS output
PE(s)
ESS
1
s
E(s)
State of charge
s2+!2c
s2+2!cs+!2c
Notch lter
Fig 5.1: ESS control system with a notch lter.
Figs. 5.2?????????????????????? !c???????????
??????????????????
Fig. 5.1????????????? Pt(s)??????????????? PEref(s)
???????????????????????????????????????
?????
Pt(s) =
s2 + !2c
s2 + 2!cs+ !2c
Pn  P WF(s): (5.2)
PEref(s) = PWF(s)  Pt(s)
=
2!cs
s2 + 2!cs+ !2c
Pn  P WF(s): (5.3)
(5.2)??? (5.3)??????????????PEref(s)?????????????
????????????????????????WF??????????????
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Fig 5.2: Frequency characteristics of notch lters.
5.2.2 ??kWh???????????
(5.1)?????????? (4.1)????????????????????????
???????????????????????(4.8)??? (4.12)????????
?? kWh???????????????????????
??? (4.8)??????????
Es =
8<:
Pn
!c
p
1 2
: 0 <  < 1p
2
2Pn
!c
: 1p
2
 
(5.4)
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?????? (5.4)???????????????????????????????
???????? kWh????0 <  < 1p
2
????WF????Pn? 1=!c
p
1  2??
  1p
2
????Pn? 2=!c????????????????
(5.4)????????????? !c??? ?8<:
1
!c
p
1 2
< T : 0 <  < 1p
2
2
!c
< T : 1p
2
 
(5.5)
????????????????? kWh??? LPF???????????????
???????????????????????????????????????
???????????LPF??????????????
???(4.12)??????????????
Ps =
Pn
2
(5.6)
????????(3.3)??????????LPF?????????????????
???????????????????????????????????????
????? LPF???????????????
5.2.3 ????????????
???????????????????????????????????? !c??
Fig. 2.21??????????????????????????WF???????
??????????????????????????? !c? 0:5 rad/s??????
?????????? ?????????? (5.4)?????Es???Fig. 5.3??
??????Fig. 5.4? ????????????????????????????
???WF?? PWF(s)????????????????????????Fig. 5.4?
Pn=2  Gsys(s)????????????GNF(s)???????? Pn=2  GNF(s)Gsys(s)
??????????Fig. 5.3?WF???? Pn = 1 MW????Fig. 5.4?WF??
???? 12% (9840 MW)?????????????????
53
0 0.5 1 1.5 2 2.5 30
1
2
3
4
E
s
[k
W
h
]
ζ
Fig 5.3: Es for .
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Fig 5.4: Frequency characteristics of power system with ESS using notch lter control
system.
Fig. 5.2(b)??? Fig. 5.4????????????????????????  ??
??????????WF???????????????????????????
???????Fig. 5.3????????????????????????????
?Fig. 2.21??????????????????????????0:2 Hz(????
??????????????)?????????????????Fig. 5.4????
??? 12% (9840 MW)?WF????????? = 1:84???????WF???
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0  1 p.u.?????? worst-case?????????????? 0:2 Hz??????
?????????
5.2.4 ???
???????????????????????????????????? 1?
LPF????????????????????? 12% (9840 MW)?WF?????
???????????????????LPF??????????????????
????????????????????????????LPF?????????
????WF????????Fig. 2.21?????????????????????
?????0:2 Hz????????LPF????????????Fig. 5.5???LPF
???? T ? 8:8??????
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Fig 5.5: Frequency characteristics of power system with ESS using LPF control system.
??????????????? Table 5.1????Fig. 5.6???????????
????????Fig. 5.7? 1? LPF???????Fig. 5.8????????????
???????WF??????????????????????????Table 5.2
???????????????????????????Figs. 5.9?WF??PWF(s)
?????????? PE(s)???????GP(s)=Pn??????????
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Table 5.1: Filter parameters.
Notch lter LPF
!c 0.5 {
 1.84 {
T { 8.8
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Fig 5.6: Frequency characteristics of designed notch lter.
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Fig 5.7: Frequency characteristics of designed LPF.
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Fig 5.8: Frequency characteristics of power system with ESS.
Table 5.2: Performance indices of ESS.
Notch lter LPF
kGI  (1 GFn)k1 7:36 8:8
k(1 GFn)k1 1 1
Energy capacity [MWh] 20:12 24:05
Capacity ratio 0:837 1
Rated power [MW] 4920 4920
Power ratio 1 1
Table 5.2?????????????????????????????LPF???
?????????????? 16%?????????????????Fig. 5.8??
???????LPF???????WF?????????????????????
???????????Figs. 5.9????????????????????????
GP(s)=Pn??????????????H1?????? 1????????????
???LPF?????????????????????????Figs. 5.2??????
??????????????????????????5.2.2?????????LPF
??????????????????????
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Fig 5.9: Frequency characteristics of GP(s)=Pn.
??????????????????????????????????????
???????????????????????????????????????
???????????Figs. 5.2?????????????????????????
???????????????????????????????????????
???????????????????????????????????????
?????????????????? kWh???????????????????
????????????????????????????????????????
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???????????????????????????????????????
????????????????????????????????????????
?????????? LPF???????????????????????????
???LPF??????????????????????????????????
???????????????????????????????????????
??????????????????????????????
5.3 ??????????????????
?????????? kWh?? (???????)?WF????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???WF??????????????????????????????????
?????????
5.3.1 ????
????????????????????WF?????????????????
?????? kWh????????????????????????????(5.7)?
(??)????????????????????????????????????
??????
GFn(s) =
ans
n + an 1sn 1 +   + a1s+ a0
sn + bn 1sn 1 +   + b1s+ b0 : (5.7)
4?????????(4.8)??? (4.13)????????????????????
???? kWh??????????????????????????2.3.10????
????????????????????????Gsys(s)? (2.41)?????????
??????????????????? (2.41)?(4.8)?(4.13)???????????
????????????????????????????
1. Pn
2
kGFn Gsysk1  fref
2. Es = PnkGI  (1 GFn)k1????
3. Ps =
Pn
2
k(1 GFn)k1????
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????fref ???????????? [Hz]????
???????????????????????????????
Step 1
WF?? P WF [p.u.]??????????f [Hz]???????Gsys(s)?????
?????????WF?????????????????????????
Step 2
(5.7)???????????????????????3? (n = 3)????????
???
GF3(s) =
a3s
3 + a2s
2 + a1s+ a0
s3 + b2s2 + b1s+ b0
(5.8)
????
Step 3
WF???????????????WF???? PWF [MW]?????????
f [Hz]???????GFsys(s)?????GFsys(s)????????? 1?
GFsys(s) = GFn(s)  Pn
2
Gsys(s): (5.9)
Step 4
??????? kWh????????????????????????? ai (i =
0; 1    ; n)??? bj (j = 0; 1    ; n  1)??????
??????????????????????????????? kWh?????
???????????????????????????????????????
?????????????
???????????? kWh????????????????????????
???????????????????????????????????????
J1 = kGI  (1 GFn)k1 + P1: (5.10)
1Pn=2??????????? 2.3.10?????????????
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????P1???????????????????????????????????
P1 =
8<: 1 : kGFsysk1 > fref0 : kGFsysk1  fref : (5.11)
?? (5.10)?????????????????????????????????
?? kWh????????????????????????????????(5.10)
????????????????????????????????????????
???(5.10)?????? J1opt????????????????? kWh??????
?????????????????????????????????????
J2 = k(1 GFn)k1 + P1 + P2: (5.12)
????P2?????????? kWh??? J1opt????????????????
????????????????????
P2 =
8<: 1 : kGI  (1 GFn)k1 > Jopt10 : kGI  (1 GFn)k1  Jopt1 : (5.13)
(5.12)???????????????????????????????????
????????????????????????????????????(5.10)?
?? (5.12)??????????????????????????????????
???????????? (Genetic algorithm: GA)[49]??????? (Particle Swarm
Optimizaion: PSO)[50]?????????????????????????????
????????????????????????????(4.5)??? (4.8)????
???????????????????????????????????? a0? b0
???????????????????????? 2?
(5.13)??????? '=' ??????? '' ?????????????????
??????? J1??? J2????????????
5.3.2 ???
5.2.4?????????? 12% (9840 MW)?WF???????????????
?? 1??2??3??4????????????????????????????
????fref = 0:2 Hz??????
2a0 6= b0 ????GE(s)??????????????Es ?1????
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???????????(5.10)??? (5.12)??????????????????
???????????????????????????????????????
????????????????????GA???????????GA????
(5.10)??? (5.12)???????????Matlab optimization toolbox?GA solver?
?????Table 5.3?????GA??????????????????????GA
solver????????????
Table 5.3: Genetic algorithm parameters.
Population size 20
Coding Binary
Selection scheme Stochastic universal sampling
Crossover operator Uniform crossover
Mutation scheme Gaussian mutation
Termination criterion 5000 iterations
?????J1????????????????Table 5.4? J1??????????
?????????????????????????????????? Fig. 5.10?
???Table 5.5? J1 (= J1opt)??? J2?????? kGFsysk1??????Table 5.5?
??5.2.4?????? 1? LPF????????????????????? 1???
??????????????????? 1? LPF?????????????
Table 5.4: Filter parameters after optimization of J1.
Filter order
Coecients 1st 2nd 3rd 4th
a0 0.1039 0.6691 0.2353 0.217
a1 0.1773 1.341 1.265 1.116
a2 { 2.511 4.636 4.212
a3 { { 2.505 2.743
a4 { { { 1.723
b0 0.1039 0.6691 0.2353 0.217
b1 { 5.543 2.319 2.136
b2 { { 11.37 9.333
b3 { { { 3.350
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Fig 5.10: Frequency characteristics of designed lters.
Table 5.5: Cost values after optimization of J1.
Filter 1st 2nd 3rd 4th LPF
kGI  (1 GFn)k1 (J1 ) 7.92 6.28 4.815 4.745 8.8
k(1 GFn)k1 0.82 1.51 1.51 1.25 1
kGFsysk1 0.198 0.198 0.198 0.198 0.20
Table 5.5???????????????????????? kGI  (1   GFn)k1?
LPF???????????????????????????? kGFsysk1  0:2?
???????????????????????????? k(1 GFn)k1?????
LPF????????????????
???J1??????????? J2????????Table 5.6? J2???????
??????????????????Fig. 5.11?????????????????
??Table 5.7? J1??? J2 (= J2opt)?????? kGFsysk1?????????J2opt?
(5.12)???????? 3?Figs. 5.12????????????????????WF?
??????????????????????????????????? Fig. 5.13
???????Fig. 5.14?WF??PWF(s)??????????PE(s)???????
GP(s)=Pn?????????????Table 5.7??? Fig. 5.13???5.2.4?????
3????GA??????? J1opt, J2opt? J1, J2??????????????GA???????
?? J1, J2 ?????? J1opt, J2opt ???????
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? 1? LPF??????????????
Table 5.6: Filter parameters after optimization of J2.
Filter order
Coecients 1st 2nd 3rd 4th
a0 0.1016 0.3447 0.1406 0.1962
a1 0.1956 0.7379 0.8147 1.151
a2 { 1.378 2.625 4.173
a3 { { 1.752 3.792
a4 { { { 1.570
b0 0.1016 0.3447 0.1406 0.1962
b1 { 2.899 1.489 2.074
b2 { { 6.404 9.430
b3 { { { 5.171
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Fig 5.11: Frequency characteristics of designed lters.
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Table 5.7: Cost values after optimization of J2.
Filter 1st 2nd 3rd 4th LPF
kGI  (1 GFn)k1 7.92 6.27 4.815 4.745 8.8
k(1 GFn)k1 (J2opt) 0.80 0.75 0.75 0.75 1
kGFsysk1 0.198 0.198 0.198 0.198 0.198
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Fig 5.12: Comparison of Frequency characteristics.
65
10−3 10−2 10−1 100 101 102
0
0.1
0.2
0.3
0.4
0.5
0.6
WF output angular frequency [rad/s]
M
ax
im
um
 fr
eq
ue
nc
y 
de
vi
at
io
n 
[H
z]
 
 
without ESS
1st
2nd
3rd
4th
LPF
Fig 5.13: Frequency characteristics of power system with ESS using proposed lter control
system.
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Fig 5.14: Frequency characteristics of GP(s)=Pn.
Table 5.5??? Table 5.7?????????kGI  (1   GFn)k1?????????
??k(1 GFn)k1????????????Fig. 5.14?Figs. 5.9??????????
???????????????????????????????????????
??????????? kGFsysk1  0:2?Table 5.7???Figs. 5.12????????
?????????
Table 5.8??????????????????????????????????
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??Table 5.8??????????????????????????????????
???4????????LPF???? 46%????????????????????
?????LPF??? 25%????????????????????????????
????????????????????????????????????Fig. 5.13
?????????????????????????????WF????????
????????????????????????????? kWh????????
?????????????LPF?? 0:3  100 rad/s???????????????
??????????????4???????????????? 0:2 Hz?????
???????????????????????????? 4???????????
??????????????????????????? 4?????Fig. 5.13???
??????0:1  2 rad/s???????? 0:2???????????3???? 4?
????????????????????????????????????????
???????????????????????????????????????
????????????
Table 5.8: Performance indices of ESS.
Filter 1st 2nd 3rd 4th LPF
Energy capacity [MWh] 21.64 17.13 13.16 12.97 24.05
Capacity ratio 0.900 0.721 0.547 0.539 1
Rated power [MW] 3936 3690 3690 3690 4920
Power ratio 0.80 0.75 0.75 0.75 1
!p1 [rad/s] 0 0 0.054 0.43 0
!p2 [rad/s] 1 0.63 1 2.7 1
5.4 H1?????????????????
???????????????????WF?????????????????
??????? kWh??????????????????????????????
???????????????????????????????????????
?????????????????????????????????? kWh???
????????????????????????????????H1?????
43???? 4????????????????????????????
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??????????????? kWh??????????????????????
??????
5.4.1 H1??????????
?????????????????????? kWh????????????H1
??????????????? 5?????(5.11)????????????????
????????H1??????????????????????? kWh????
?????????????????????????H1????????????
??H1???? [51]??????? kWh????????????????????
???????????????????
Fig. 5.15????????????????? 6????Fig. 5.15?????????
??????????K(s)?????Wi(s) (i = 1; 2; 3)???????????????
????????????????????????????????? (GESS(s) = 1)?
????????????????????????????????????
Pn
2 Gsys(s) W1(s)
K(s) 1
s W2(s)
W3(s)
f(s)
E(s)P E(s)
+
 
GESS(s)
P WF(s)
Controller
Fig 5.15: Generalized plant.
?????????????????????????????????????Fig. 5.15
?????????????????????????K(s)????????????
????? (4.8)??? (4.13)??????????????????????????
?? kWh????????????????????????Fig. 5.15???????
K(s)??????????????????????????K(s)????????
?? kWh????????????H1?????????????????????
5(4.8)??? (4.13)????
6?????????????????????????????????????????????
????????????????????????????????????? [52]?
68
???????? kWh??Esk??????? Psk???????????
Esk = PnkGEkk1: (5.14)
Psk =
Pn
2
kGPkk1: (5.15)
????
GEk(s) : P

WF(s)??E(s)???????
GPk(s) : P

WF(s)?? P E(s)???????
????
Fig. 5.15?????????GEk(s)???GPk(s)????K(s)?????????
????(5.14)?(5.15)????K(s)???? kGEkk1??? kGPkk1????????
??????????? kWh??????????????????????????
H1????????????? kWh??????????????????????
?????????????????????????????????????H1?
????????????????????????? (Linear Matrix Inequality: LMI)
??????????????? [51]???????????????????????
?????????????????WF????? (?????????)?????
????????????Fig. 5.15????????????????W1(s)?kWh?
?????????W2(s)???????????W3(s)?????????????
??????????????????
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5.4.2 ???
?????????????????? 12% (9840 MW)?WF?????????
????H1??????????????????????
?????????????????????????WF????? (?????
????)???????????????Fig. 5.15????????????????
W1(s)?kWh??????????W2(s)???????????W3(s)???????
????????????W3(s)????K(s)???????????????????
????????P WF(s)??f(s)????????Gksys(s)?????Wi (i = 1; 2; 3)
???
1. kGksysk1  fref
2. kGEkk1????
3. kGPkk1????
??????? (5.16)?(5.17)?(5.18)?????
W1(s) = 122; (5.16)
W2(s) =
s2 + 22!2s+ 5!
2
2
s2 + 22!2s+ !22
; (5.17)
?W3(s) = 190s
2 + 23!3s
s2 + 23!3s+ !23
: (5.18)
????2 = 3 = 1=
p
2?!2 = 0:078?!3 = 10?????????????fref = 0:2 Hz
??????????Fig. 5.16???????????????
???????????????????????????????????Fig. 5.17
?????? 12% (9840 MW)?WF??????????????????????
??Fig. 5.17????????WF???????????????????????
???????? 1???????????????????????????????
???W1(s)???????????????????Fig. 5.17??????????
????????????WF????? 0:08 rad/s???????????? 0:2 Hz
???????????W2(s)?? 0:08 Hz??????????LPF????????
????0:6  0:7 rad/s????????????????W3(s)?? 0:7 rad/s? 0 dB
???????????????????????????????????????
???????GEk(s)??????????????GPk(s)????????????
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??????W3(s)?????????????????????GPk(s)??????
??????GEk(s)?????????????W2(s)??????????????
?????????????W2(s)?W3(s)????????????????????
??????????????????? 2????????????W3(s)????
K(s)??????????????????????W3(s)????????????
?????????
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Fig 5.16: Frequency characteristics of weight function.
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Fig 5.17: Frequency characteristics of power system.
Fig. 5.15???????????LMI?????????????????Fig. 5.18?
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??????????????Fig. 5.19?WF???????????????????
????Fig. 5.20?WF??P WF(s)??????????P E(s)???????GPk?
???????? 7????Table 5.9???????????????????Fig. 5.19
???Table 5.9??????? LPF??????????????
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Fig 5.18: Frequency characteristics of H1 controller.
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Fig 5.19: Frequency characteristics of power system with ESS using proposed control
system.
7????????????????????????????????????????????LMI
???????????H1?????????????????????????????? [51]??
? [52]???
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Fig 5.20: Frequency characteristics of GPk(s).
Table 5.9: Performance indices of ESS.
Controller H1 LPF
kGksysk1 0.195 0.20
kGEkk1 4.79 8.8
kGPkk1 0.74 1
Energy capacity [MWh] 13.09 24.05
Capacity ratio 0.54 1
Rated power [MW] 3641 4920
Power ratio 0.74 1
Fig. 5.19???Table 5.9????????????? 1?????????????
???????????? LPF?????????? kWh???? 46%???????
????Fig. 5.20? Fig. 5.9??????????????????GPk(s)?????
??????????????????? 26%??????????????????
? kWh????????????????????????????????????
?????????H1???????????????????
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5.5 ??????
????????????????????????Fig. 5.21??????????
???????????????WF??????????????????????
Table 5.10?????????????????????5.3??? 1??? 4?????
?????????4??????????Fig. 5.21???Table 5.10?????????
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Fig 5.21: Frequency characteristics of designed lters.
Table 5.10: Performance indices of ESS.
Controller Notch lter 4th H1 LPF
kGksysk1 0.20 0.20 0.195 0.20
kGEkk1 7.36 4.745 4.79 8.8
kGPkk1 1 0.75 0.74 1
Energy capacity [MWh] 20.12 12.97 13.09 24.05
Capacity ratio 0.837 0.539 0.54 1
Rated power [MW] 4920 3690 3641 4920
Power ratio 1 0.75 0.74 1
????
?????????????????????????????? LPF??????
???????????????????????????4????????H1??
??????????? LPF???? 46%????????????????????
???????????? 35%???????????????????????? 2?
????? LPF??????????????? 24%???????????????
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??5.3??????????????????5.4??????H1?????????
????????? kWh????????????????????????????
??????????????????? (???)????????????? LPF?
???????????????????????????????????????
???????????????????????????????????????
??????????????????????????? kWh??????????
????????????H1?????????????????????????
?????????? kWh???????????????????????????
??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????LPF????????? 1???????
???????????????????????????????LPF??????
???????????????????????????????????
???H1??????????????????????????????????
?????? kWh???????????????????????????????
???????????
???????????????Table. 5.11??????????????????
???
1?LPF???
????? 1????????????????????????????????
???????????????????????????????????????
?????????????? kWh??????????????????????
??????????
????????????????WF????????????????????
???????????????????????LPF???????????? kWh
???????????????????????????????????????
????????????????????????????????
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???????????
??????????????????????????????????????
????????????????????????????????????????
???????????????????? kWh????????????????
??????????????????????????????????? kWh??
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????? kWh?????????
??????????????????????????????LPF???????
?? 1????????????????????????????????????
??LPF???????????????????????????????????
??????
H1????????
??????????????????????????????????????
??????????????????????????? kWh??????????
?????????????????????????????????H1????
??????????????????????H1???????????????
???????????????????????????????????????
????????????????
Table 5.11: Comparisons of design method.
LPF Notch lter GA H1
Design complexity    
Design freedom  4  
Reduction of Capacity  4  
Reduction of Power    
Output smoothing    
Trial and error  4  
????
???????????????????????? kWh????????????
?????????????????????????H1?????????????
????????????????????????????????????????
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????????Table. 5.11???????????????????????????
????? LPF???????????????????????????Table. 5.11
???????????????????????????????????????
???????
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?6? ???????????
6.1 ??????????
??????????????WF???????????????????????
???? 1?LPF??? (???)???????????????????Fig. 6.1??
???????????????????????Fig. 6.1?Fig. 2.21?WF??Figs. 6.2
?????????????????? LPF???????????????????
????Table 6.1???????????????????????WF??????
12%(9840 MW)???????????????????????????Figs. 6.2?
???????????????????????????????????????
???????????????????????????????????????
???????MATLAB=SimulinkTK?????????? 3600 s????
ESS
Thermal Power
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Wind Farm
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Nuclear Power
Plant
Load
+
+
+
+
+
 
1
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EDC
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Generator Model
!
PWF
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Psys 
Fig 6.1: Block diagram for frequency analysis.
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Fig 6.2: Controllers of ESS.
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Table 6.1: Data of Generators.
Rated Output Inertia Load
[MW] Constant M [s] [MW]
Hydro 12000 10
Thermal 48000 8
Nuclear 22000 8 80000
Total 82000 {
Wind farm 9840 {
Figs. 6.2??????????Gh(s)??WF??????????????????
???????????????Fig.5.21??????????????????
Gh(s) =
s
s+ 0:002
(6.1)
????Fig. 6.3?Gh(s)??????????Fig. 6.3?????????0:01 rad/s?
? 0 dB????????????????????????????WF??????
????????????????????????????
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Fig 6.3: Frequency characteristics of pre-lter.
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??????????? d(t)? 3????????????????? 1?
d(t) =
8>><>>:
(1  )PE(t) : PE(t) > 0
0 : PE(t) = 0
(1  1

)PE(t) : PE(t) < 0
: (6.2)
?????????????
Figs. 6.2??????????????????????????????????
???????3.4?????? SOC-FB?????????????H1??????
?????????? d????????????????????????????
???????????? (?? d(t))?????????????
Table. 6.2?????????????????????????????Table. 6.2
?????????????????????? 30% ( = 0:4)???????????
??5???????????????? 1=????????????????A?
????????????????
Table 6.2: Performance indices of ESS.
Controller Notch lter 4th H1 LPF
Lower margin m1 [%] 30 30 30 30
Upper margin m2 [%] 30 30 30 30
Rated charging level  0.4 0.4 0.4 0.4
Es [MWh] 20.12 12.97 13.09 24.05
Energy capacity (E = Es=) [MWh] 50.30 32.43 32.72 60.13
Rated power [MW] 4920 3690 3641 4920
??
??
???????????Fig. 6.4???WF???????Table 6.1??? 3??Case
??????????????????????????????????? 50%??
??????????
1?????????????????????????????????????????????
???
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Fig 6.4: WF output.
Table 6.3: Simulation conditions.
Case 1 Case 2 Case 3
Charging and discharging eciency  [%] 100 852 85
Load Constant Constant Variable
6.2 Case 1
??????????????????????????????????????
?????????????????????????????????SOC-FB??
??????????????????
Figs. 6.5?WF??????????????? (?????????)?Figs. 6.6??
????????Figs. 6.7?????????????????Figs. 6.5???Figs. 6.6
??????????????????????????????Figs. 6.8?????
??????????????Figs. 6.8??????????????????????
???????????????????????Table 6.4????????????
?????????Table 6.4???????? (SOC)???????????????
?????NF????????????????
2?? [47]??????????????????????????????????????????
????????????? 80%  90%??????????????????? 85%?????
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(b) LPF controller.
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(c) Notch lter controller.
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(d) 4th order controller.
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Fig 6.5: Combined output (case 1).
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(b) LPF controller.
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(c) Notch lter controller.
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(d) 4th order controller.
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Fig 6.6: Frequency (case 1).
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(a) LPF controller.
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(b) Notch lter controller.
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(c) 4th order controller.
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Fig 6.7: ESS output (case 1).
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lter controller.
0 600 1200 1800 2400 3000 36000
10
20
30
40
50
60
Time [s]
SO
C 
[M
W
h]
(c) 4th order controller.
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Fig 6.8: State of charge (case 1).
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Table 6.4: Simulation results of case 1.
without with ESS
ESS NF 4th H1 LPF
Maximum frequency deviation jf j [Hz] 0.337 0.161 0.157 0.153 0.148
Standard deviation of f [Hz] 0.0646 0.0402 0.0420 0.0417 0.0393
Maximum SOC [%] { 60.6 61.1 60.8 60.0
Minimum SOC [%] { 38.7 38.0 38.3 39.1
Maximum ESS output [MW] { 2259 1668 1677 2296
Minimum ESS output [MW] {  1767  1218  1196  1897
Figs. 6.5???????WF?????????????????????????
??????????????????Fig. 6.6??????????????????
????????0:2 Hz????????????????????????????
??????????????????0:2 Hz?????????????????
?????Table 6.4???LPF?????????????????????????
?????????????Fig. 5.21?????????LPF???????????
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Fig 6.9: State of charge (case 2: without SOC-FB control).
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Fig 6.10: Combined output (case 2: A = 100).
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Fig 6.11: Frequency (case 2: A = 100).
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Fig 6.12: ESS output (case 2: A = 100).
92
0 600 1200 1800 2400 3000 36000
10
20
30
40
50
60
Time [s]
SO
C 
[M
W
h]
(a) LPF controller.
0 600 1200 1800 2400 3000 36000
10
20
30
40
50
60
Time [s]
SO
C 
[M
W
h]
(b) Notch lter controller.
0 600 1200 1800 2400 3000 36000
10
20
30
40
50
60
Time [s]
SO
C 
[M
W
h]
(c) 4th order controller.
0 600 1200 1800 2400 3000 36000
10
20
30
40
50
60
Time [s]
SO
C 
[M
W
h]
(d) H1 controller
Fig 6.13: State of charge (case 2: A = 100).
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Table 6.5: Simulation results of case 2 (A = 100).
without with ESS
ESS NF 4th H1 LPF
Maximum frequency deviation jf j [Hz] 0.337 0.205 0.169 0.168 0.187
Standard deviation of f [Hz] 0.0646 0.0412 0.0421 0.0417 0.0410
Maximum SOC [%] { 60.6 61.1 60.3 60.0
Minimum SOC [%] { 38.7 38.0 38.1 39.1
Maximum ESS output [MW] { 2657 1962 1794 2701
Minimum ESS output [MW] {  1501  1036  1090  1612
Charge/Discharge loss in ESS [MWh] { 64.9 46.8 46.4 68.1
Loss ratio { 0.953 0.687 0.681 1
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Table 6.6: Comparison between case 1 and case 2 (A = 100).
NF 4th H1 LPF
Maximum frequency deviation of case 1 [Hz] 0.161 0.157 0.153 0.148
Maximum frequency deviation of case 2 [Hz] 0.205 0.169 0.168 0.187
Rate of increase 1.27 1.08 1.10 1.26
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Fig 6.14: Gain plot of GPErefd(s).
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Fig 6.15: Gain plot of GEd(s).
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Fig 6.16: Combined output (case 2: A = 0:1).
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lter controller.
0 600 1200 1800 2400 3000 360049.6
49.8
50
50.2
50.4
Time [s]
Fr
eq
ue
nc
y 
[H
z]
(d) 4th order controller.
0 600 1200 1800 2400 3000 360049.6
49.8
50
50.2
50.4
Time [s]
Fr
eq
ue
nc
y 
[H
z]
(e) H1 controller
Fig 6.17: Frequency (case 2: A = 0:1).
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Fig 6.18: ESS output (case 2: A = 0:1).
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Fig 6.19: State of charge (case 2: A = 0:1).
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Table 6.7: Simulation results of case 2 (A = 0:1).
without with ESS
ESS NF 4th H1 LPF
Maximum frequency deviation jf j [Hz] 0.337 0.171 0.171 0.168 0.154
Standard deviation of f [Hz] 0.0646 0.0402 0.0419 0.0417 0.0394
Maximum SOC [%] { 60.0 60.5 60.3 59.5
Minimum SOC [%] { 38.3 37.6 38.1 38.8
Maximum ESS output [MW] { 2400 1773 1794 2445
Minimum ESS output [MW] {  1627  1119  1090  1745
Charge/Discharge loss in ESS [MWh] { 64.6 46.7 46.4 67.8
Loss ratio { 0.953 0.689 0.684 1
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??????0:2 Hz???????????Figs. 6.17???Table 6.7??????
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????????????? 15 dB???????????????????????
???????????????? 131 MW??????Fig. 2.21?????????
???????????????Case 1?????????????????????
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??????????????A = 0:1??????????????????????
????????????????????????????????????????
???????????????????????????????????????
?????????????????????????Figs. 6.18??? Table 6.7??
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6.4 Case 3
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????
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Fig 6.20: Frequency (case 3).
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Table 6.8: Comparison between case 2 and 3.
NF 4th H1 LPF
Maximum frequency deviation f [Hz] (Case 2) 0.171 0.171 0.168 0.154
Maximum frequency deviation f [Hz] (Case 3) 0.176 0.170 0.168 0.151
Maximum relative error [%] 2.92  0:585 0.00  1:95
Standard deviation of f (Case 2) [Hz] 0.0402 0.0419 0.0417 0.0394
Standard deviation of f (Case 3) [Hz] 0.0408 0.0419 0.0417 0.0393
Table 6.8?????????????????????Case 2??????????
??? 3%?????????????4??????LPF?????????????
???????????WF??????????????????????????
???? 9?
??????????????????????????????????????
???
9?????????????????????????????
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